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ABSTRACT. New thermodynamic data are presented for the Gibbs
energies of formation (AG{[Ca,Sr,_,COs(s)]) and the excess Gibbs ener-
gies of formation (G¥) for'Ca,Sr; _,COs(s) solutions. Reversible equilib-
ria were achieved between CaCly(aq) + SrCl,y(aq) solutions and carbon-
ate electrodes of the third kind in e(}ectrochemical cells of the type:

Pb(Hg, 2 — phase)| PbCO;(s), Ca,Sr;_,CO4(s) | SrCly(m,),
CaCly(m,), |Hg,Cly(s) | Hg(1)

In most cases, we found no evidence in X-ray diffractograms for
incongruent dissolution of the solids to yield strontian aragonites or
calcite over the period of the cell measurements. Although secondary
calcite forms in some experiments, the unmixing is sufficiently slow
(weeks of reaction) that meaningful AG?{Ca,Sr,_,COs(s)] values can be
determined. We observe positive G* vafues over the range 0 < x < 0.9
such that intermediate compositions in the SrC0O;~CaCOj; binary are
unstable relative to a mechanical mixture consistent with the composi-
tions of natural minerals. The G* values determined in this study agree
with those determined by Plummer and Busenberg (1987) to within the
respective experimental uncertainties. The G values that we report
remain unchanged, if the values of AG{[SrCOy4(s)] and AG} [Sr**(aq)] are
revised in a compensating manner in a later study.

INTRODUCTION

Calcium-carbonate minerals are rarely found pure in nature. Both
calcite and aragonite incorporate trace cation substitutions for Ca?* and
trace anion substitutions for the CO3~ ion. This incorporation effectively
removes toxic metal ions from soil and waters in many cases. The
Chernobyl accident, for example, contaminated =20 percent of Byelorus-
sia (37,500 km?) with nCi/kg levels of 99Sr. Levels are so high in the 1000
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2 William H. Casey and others—Gibbs energies of formation

km?-area immediately around Chernobyl that much of this territory is
tforbidden for travel or human habitation (Lukashev, 1993). These fallout
particles weather to release *Sr, which either ends up in soil minerals or
is dissipated through the groundwater and the food chain.

Strontium concentrations in calcium-carbonate minerals also pro-
vide information about ancient environments. The strontium concentra-
tions of coralline aragonite, for example, is used to infer ancient sea-
surface temperatures (Smith and others, 1979; Beck and others, 1992)
and changes in coastal hydrography (Purdy, Druffel, and Livingston,
1989). Only minor amounts of strontium are incorporated into these
aragonites. Nevertheless, it would be gratifying to reconcile the observa-
tions with thermodynamic measurements over a wide range of composi-
tions. ldeally, these measurements would account for the relatively
narrow ranges of Ca,Sr;_ (COs(s) compositions found in sediments and
rocks. Minerals are usually found with x > 0.85 and x < 0.30 but not with
intermediate values (see Speer, 1983; Morse and Mackenzie, 1990).
Although some of these compositions may have equilibrated at elevated
temperatures, there is strong evidence for large, positive values tor the
excess Gibbs energies (G") of mixing endmember components to form a
solid solution. .

Solubility experiments with carbonate solid-solution minerals are
difficult because an endmember phase is typically less soluble than
intermediate compositions. Metastable equilibrium is diflicult to achieve,
and precipitation of secondary phases during an experiment complicates
the interpretation of the final saturation state. Solubility experiments
with Ca,Sr _,COy(s) solids are particularly troublesome (see Holland and
others, 1963; Kitano, Kanamori, and Oomori, 1971; Lorens, 1981;
Kitano and Ohde, 1984) because the standard-state Gibbs energies for
forming endmember solids (aragonite strontianite) are similar
(AG{[SrCOs(s)] = —1140 k] - mol™!, AGF[CaCOy(s)] = -1127 kJ -
m()l*‘) as are thc Gibbs energies for f()rmmg the ions (A(,I’,’[( a?t(aq)] =
—554 kJ + mol~ A("’[Sr“(dq)] —559 k] * mol™!). This similarity in
thermodynamic parameters translates to solubility products for the end-
member phases that are close, such that small changes in the Ca?*(aq)
and Sr?*(aq) activities at a Nixed total metal concentration do not induce
large, easily measured changes in the carbonate- or hydrogen-ion activi-
ties.

In the most comprehensive studies to date, Plummer and Busenberg
(1987) and Plummer and others (1992) showed that solid solutions are
stable to disproportionation at high and low values of'x, but that interme-
diate compositions spontaneously unmix with time in Ca(HCOs)
Sr(HCO;),—H,0 solutions. The results are consistent with natural min-
eral compositions even though the authors estimated the G* values from
solubility experiments that did not achieve reversible equilibrium.

We propose to re-determine these (* values using a new electro-
chemical cell method (see Rock and others, 1994) that avoids some of the
difficulties inherent in direct solubility experiments. One advantage of
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the electrochemical cell method is that any metastable equilibrium state,
once established, is not highly perturbed by measurements that yield the
Gibbs energies, unlike a dissolution or precipitation experiment where a
significant fraction of the mineral mass is reacted to reach saturation. A
key feature of the method is that the solids react with fixed, and relatively
large, concentrations of CaCly(aq) and SrCly(aq) in the absence of large
concentrations of dissolved carbonate ion. These solutions are chosen, in
part, to retard the rates of conversion of the solid to more stable products.
In addition, corrections for electrolyte nonidealities can be made directly,
without appeal to complicated models of the solute speciation. No correc-
tions are necessary, for example, to account for various ion pairs and
there is no liquid-liquid junction potential.

EXPERIMENTAL METHODS

The electrochemical cell—The cell technique is adapted from that
described in Rock and others (1994). The cell diagram is:

Pb(Hg, two-phase, 5 wt percent)| PbCOs(s),
Ca,St,_COs(s)| SrCly(aq, m,),
CaCly(aq, my)|HgyCly(s) [Hg(l) (1)
and the equations for the postulated electrode reactions are:
Pb(Hg) + Ca,Sr;_,COs(s) 2 PhCO,4(s)
+ xCa*?(aq, my) + (1 — x)Sr*%(aq, m) + 2 (2)
2e” + Hgy,Cly(s) 2 2 Hg(l) + 2 Cl(aq, 2m, + 2m,) (3)
The sum of eqs (2) and (3) yields the equation for the net cell reaction:
Pb(Hg) + Ca,Sr,_.,CO4(s) + HgyCly(s) & PbCO4(s) + 2 Hg(1)
+ 2 Cl™(aq, 2m; + 2my) + (1 — x)Sr**(aq, m,) + xCa**(aq, my) (4)

Application of the Nernst equation to eq (4) yields:

- RT - 9
= E°(x) — ln [(I(a~+ e a's: o my Ay~ 2(m|+m,)] (5)
where E°(x) is the E° value for eq (4) for a particular value of x, R is the gas
constant, T is the Kelvin temperature, and F is the Faraday constant.

Intreduction of mean ionic activity coeflicients into eq (5) yields:

RT
L= Fo(x) ln [mzml X(le + Zml) ‘Y+((a(l; r11|+m,)Y+l\r(x;,m|+m2)] (6)

Eq (6) shows that measurements of the cell voltage at known values of x,
my, Mo, 'Yt((frl(f/._),m]+ml_,)a and ’Yi(Sr(f:"_)Jn]+mg) Yleld [h(:‘ Correspondlng Value Of
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E°(x). The value of the standard Gibbs energy change for eq (4) is then
given by:
AG®, (x) = —2FE"(x) 7

rxn

The value of AG],(x) obtained from eq (7) is used to calculate the
standard Gibbs energy of formation of the corresponding Ca,Sr,_,CO4(s)

solid solution:
AGI[Ca ST, CON) = ~AGY, 4(x) = AGIPh(H)]
— AGJ[HgsCly(5)] + AGIIPBCO4(5)] + 2AGCL (aq)]
+ xAG¢[Ca®* (ag)] + (1 — x)AG7[Sr**(ag)] (8)

using the thermodynamic values recommended by Wagman and others
(1981): AG7[Ca**(aq)] = —553.58 k] - mol~!, AGZ[Sr**(aq)] = —559.48
k] - mol~' AG”[PbCOg(s)] = —625.5 kJ - mol~!, AG? *[Pb(Hg)] = —1.130
k] - mol™! AG [Hg2C12(s)] = —210 745 K] - mo] R and AGY[Cl (aq)] =
—-131.228 k_] m()l

Cell construction and ‘measurements.—The electrochemical cells were
constructed using standard methods including preparation of the calo-
mel and two-phase lead amalgam in the absence of oxygen (see Ives and
Janz, 1961; Rock and others, 1994) and silicone-fluid treatment of the
inner cell surfaces. Platinum electrode leads were encased in Teflon
tubing (fig. 1), inserted through smail holes in the bases of the electrode
compartments, and sealed to the cell with epoxy. The bases of the
platinum leads within the cell and the lower sections of the cell compart-
ments were isolated from contact with the epoxy sealer by melting small
pieces of paraffin in place with a heat gun.

The cells were charged with solids and solution under an argon
atmosphere. Deoxygenated cell solution was pipetted on top of the lead
amalgam and calomel electrodes; the carbonate solids were then added
to the lead electrode chamber. The lead amalgams were mirror bright in
the cell. After all the solid and liquid constituents were added to the cell, it
was again purged with argon and sealed from the atmosphere with
tight-fitting plastic caps covered securely with Parafilm®. Electromotive
force measurements were made with a Tektronix® 2510G digital voltme-
ter which was checked periodically with a Leeds and Northrup K-3
potentiometer. This potentiometer was standardized with a Weston
standard cell (Eppley Laboratories) that was intercompared with six
other such standard cells. The calibrations of the potentiometer and the
standard cell are traceable to the National Institute of Standards and
Technology.

The cell solutions were made from reagent grade chloride salts
(CaCly * 2H,0 and SrCL, - 6H,0) and CO,-free water. They were stored
in ground-glass-stoppered flasks under argon in order to prevent contact
between the cell solutions and atmospheric CO,. Metal and chloride
concentrations in these solutions were confirmed by analysis.
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Fig. 1. Cell diagram. G'is the cell compartment that contains the Pb(Hg) and the
PbCOs(s) plus the Ca,Sr)_,CO;3(s) solid mixtures. H is the cell compartment containing the
HgsClo(s)/Hg(l) electrodes. P, P are plastic caps for covering the cell compartments. S is a
cap for covering the septum which connects the cell to reservoirs containing the respective
cell solutions. Stippled areas indicate carbonate- or calomel-containing phases.

-

Preparation of the solids.—Solid solutions of Ca,Sr,_,CO;(s) (including
x = 0) were synthesized by the method of Plummer and Busenberg
(1987). Briefly, 0.75 M NayCO; was added dropwise to an aqueous
solution containing [Ca(NQOjg)s + Sr(NO3)s] = 0.15 M, 0.43 M NaCl, and
0.078 M MgCly*6H,0 at 76°C. A fine white precipitate formed immedi-
ately. This precipitate and solution was stirred vigorously and allowed to
age for = 1 h. The precipitate was then filtered from the precipitating
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solution using a 0.20-micrometer membrane filter and vacuum. After
rinsing with water, the solid filtrate was rinsed several times with ethanol
and dried under vacuum at 110°C. A small amount of precipitated solid
was dissolved in HCI, and the resulting solution was analyzed in order to
determine the value x.” .

Solid compositions.—The synthesis method produces a single-phase
solid having the aragonite structure. Mineralogic purity of each solid was
confirmed by X-ray diffraction at 0.01° s=! (28) with Cu—K, radiation and
fluorite (CaF,) as an internal standard. Spacings for the [111] lattice
plane calculated from peak positions in the diffractograms are shown in
Figure 2 and change regularly between values corresponding to the
endmember solids (aragonite, strontianite). The uniquely defined peaks
for lattice-plane spacings in the X-ray diffractograms and the regular
variation in unit cell dimensions are strong evidence that synthesis
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Fig. 2. Spacing for the [111] lattice plane in the Ca,Sr;-,COs3(s) solids. The measure-
ments were before reaction. Uncertainties (£0.005 A) correspond to a single standard de-
viation in d-spacing given by the major peak position of the CaFy(s) internal standard.
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creates a single-phase solid rather than a mechanical mixture of strontium-
rich and calcium-rich phases.

In order to confirm that Ca,Sr,_,CO;(s) materials did not change
composition during an experiment, separate glass cells (generally test
tubes) were charged with the cell solution and solid and reacted in
parallel with the corresponding electrochemical cell. These parallel ex-
periments were necessary because the Ca, Sr,_ COs(s) solids could not be
separated from other cell materials in sufficient quantities to X-ray after
an experiment. The test tubes were treated in a similar fashion as the
electrochemical cells in that they were charged under flowing argon,
capped, sealed with Paraflm®, and thermostated at the appropriate
temperature. The solid-to-solution ratio in the test tubes was matched to
that in the corresponding electrochemical cell. A test-tube experiment
was sacrificed at fixed intervals of time (two and four weeks), and the
solids were X-rayed to determine changes in the peak positions and
shapes.

Solulton analyses.—Calcium and strontium concentrations in the cell
electrolytes and in the solutions obtained by dissolving the solid
Ca,Sr_,CO;(s) samples were determined with a Thermal Jarrell-Ash
inductively coupled-plasma (ICP) atomic-emission spectrometer. The
sensitivity of this method was approx 0.01-0.1 mg/kg of solution. Chlo-
ride concentrations were determined coulometrically by oxidation of Ag®
to form AgCl(s). The precision and accuracy of these methods generally
were within 0.5 to 2 percent, as determined by summing the measured
concentrations of cations and anions, and by repeated analysis of samples
and standards. The largest discrepancy between a predicted and mea-
sured concentration was 2.5 percent.

RESULTS

Cell voltages.—Cell voltages were stable after an initial equilibration
period that varies from minutes to days. Changes in the cell potential
with time in the early stages of an experiment are expected, because the
Pb amalgam was synthesized at temperatures near 80°C and injected at
80°C into the experimental cell that was at room temperature. Such
cooling requires phase. separation and involves a relaxation time. The
relaxation is relatively unimportant to the value of AG?,, for reaction (8),
because values are determined from the 2 to 8 day interval. The stability
of the daily average of the measured voltages ranges from 0.1 to =12
mV in the time period from day 2 of the experiments to day 8. The
compositions and voltages for all reactions are summarized in table 1.
When interpreting this range of uncertainties, it is important to remem-
ber that a one millivolt variation in cell voltage corresponds only to 0.2 k]
in AG!,,.

Two common types of voltage-time relations are observed and are
illustrated in figure 3 for cells containing solids with x =0.225 and x =
0.409. Stable voltage was achieved quickly for x '= 0.225 (fig. 3A) and
maintained for several weeks. The cell voltage for the solid with x =
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TABLE 1

Resulis* of measurements at 25.0°C on cells of the type: Pb(Hyg, two-phase,
5wt %) | PbCOs(s), CaySr;—CO3{(s)|SrCly(ag, m;),
CaCly(ag, my) | Hg,Cls(s)| Hg(l)

L my AG iy AGH[Ca Sry -, CO4(s)]
Cell x /molkg ' fmotkg™! v, Yoo E/my** F°(x)/mV 7k /k]) mol-!

1 (LUB6 0.00210 0.0944 0518 0521 617.9(x0.1) 519.5 10025 —1129.50(x0.32)7%

2 0967 0.0052 0.0930 0516 0520 617.00£2.7) 518.2 - 1001 —1129.85(+0.82)

3 0.899 0.0107 0.1010 0508 0512 621.6(x£5.2) 524.9 —-101.29  ~1128.97(x1.30)

4 0.791 0.0230 0.0942 0506 0510 621.3(x4.0) 523.9 =109 —1129.80(x1.07)

5 0.751 0.0550 0.0572 0508 0512 631.2(x1.6) 55%0.1 —102.28 ~1128.85(=0.61)

6 0.72% 1.0690 0.0473 0.506 0510 636.1(£6.6) 534.7 108,19 —1128.11(x1.57)}

7 .696 0.030h4 0.0634 0515 0519 628.5=11.9) 523.8 —101.07  —=1130.39(%2.60)

8 0.h84 (L0464 .0716 0.506 0510 628.8(=5.8) 529.4 10217  —1126.95(x1.49)

9 0511 0.0909 0.0230 0507 0511 630.5x2.2) 526.6 =-101.63  =1130.92(=0.72)
10 0409 0.0611 0.0389 0511 0518 626.9(x3.7) 521.6 =100.65 —=1132.49(= 1.0}
11 4.225 0.0753 0.0244 0511 0518 623.8(x1.3) 520.1 —100.37 —=1133.86(%0.55)
12 0110 0.1018 0.0104 0.508  0.512  616.7(x1.1) 519.7 —-100.28 —1134.63(x0.51)
13 0 0.1049 [} 0.509 — 614.7(x1.0) 519.6 —100.26  —1133.30(+0.49)

* Extra signiticant digits are included in x, m and my in order o minimize the truncation errors.

** Voltages are average values for day 2 through 8.

1 The cell voltages were estimated by extrapolated transient data from day 2 through day 8 to the start of the
experiment. .

1t Uncertainties ave calculated from the uncertainty in the measured value of £ (given above), plus 0.80 kJ for the
maximum uncettainty arising from the measured values of the cell electrolyte concentrations.

0.409, however, decreases regularly with time for over 20 days (fig. 3B).
In addition to the cell with x = 0.409, one other cell exhibited such
behavior (table 1). The cell at x = 0.723 also did not achieve stable
voltages during the period day 2 to day 8 but, rather, exhibited a steady
decline in voltages with time. In these two cases, the voltage reported in
table 1 was obtained by linear-least-squares extrapolation of 2d-to-8d
data to the start of the experiment. The stability of most cells deteriorated
over time periods longer than 8 days, presumably because of changes in
the composition of the Ca,Sr;.,CO;(s) solid phases and the (possible)
appearance of secondary minerals.

Calculation of E“(x). requires mean-ionic activity coefhicients for
CaCly(aq) and SrCly(aq) in the mixed electrolyte (CaCly—SrCl,—H,O) cell
solutions, for which there are no data. The mean-ionic activity coeffi-
cients in table 1 were calculated from . data given in Pitzer and Brewer
(1961) for the corresponding individual electrolyte. We assume that the
Y+ Catlyiaqp AN Y 5,01, Values in the mixed electrolyte solution are equal
to the respective y. values for the individual electrolyte at the same {otal
molality as that of the mixture. This assumption is reasonable given
the similarity in the vy, values at a given ionic strength. For example,
Ya.cact, = 0.518, v+ gy, = 0.511 at I = 0.100 m. The E°(x) values given in
table T were calculated using eq. (6), and these E*(x) values were used, in
turn, to calculate the standard Gibbs energies of formation of the respec-
tive solid solutions from the elements, yielding AG7[Ca,Sr; ,COy(s)]
values. ’

Changes in solid compositions with time.—The X-ray diffractograms (fig.
4, app. A) are nearly identical for most samples after four weeks of
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Fig. 3. Time course of the potential for a cell of the type diagrammed in eq 1. In (A),
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